The angiotensin type-2 receptor (AT 2 R) opposes the vasoconstrictor actions of angiotensin II (AngII) mediated through the angiotensin type-1 receptor (AT 1 R). Renal AT 2 R levels are high during fetal life, but decrease significantly during postnatal maturation. To provide insight into the functional role of the AT 2 R in the kidney during postnatal development, we investigated the effects of AT 2 R antagonism on cardiovascular responses to AngII in young and adult male rats. Methods: In anesthetized 3-and 6-wk-old male SpragueDawley rats, mean arterial pressure (MAP) and renal blood flow (RBF) were measured in response to AngII in the presence of vehicle treatment or AT 2 R blockade with PD123319. results: The pressor effect of AngII and associated reduction in RBF were significantly less in 3-wk-than 6-wk-old rats. AT 2 R blockade potentiated the reduction in RBF in response to AngII in 3-wk-old rats only. conclusion: In young rats, the AT 2 R modulates the response to AngII, blunting renal vasoconstriction. This effect is attenuated with age in association with a developmental reduction in renal AT 2 R expression. These findings may have implications for the development of novel therapies that target the reninangiotensin system for the improvement of renal function in term and, in particular, preterm infants.
i n healthy term infants, sufficient organ blood flow is maintained by relatively low systemic arterial pressure. However, preterm infants demonstrate a significant risk of hypotension and so inadequate perfusion of vascular beds, including the renal circulation (1) . This is generally considered a result of either a delay in, or failure of, the hemodynamic changes that take place during the transition from fetal to newborn life; that is, the effective transition from the in utero to the ex utero circulation (2, 3) . Improved understanding of the neonatal cardiovascular system under normal physiological conditions is thus essential for the identification of more effective therapeutic strategies for infants with circulatory compromise, and to prevent severe complications such as renal failure.
The kidney plays a major role in the long-term regulation of arterial pressure and extracellular fluid volume homeostasis. It is well established that renal blood flow (RBF) is initially low after birth due to high renal vascular resistance in healthy term infants. However, as the kidney undergoes postnatal structural and functional changes, RBF progressively increases to adult levels (4, 5) . This developmental increase in RBF as the kidney matures is attributable to a striking reduction in renal vascular resistance that takes place during the postnatal period (4) . This is, at least in part, due to developmental changes in the balance of vasoconstrictor and vasodilator forces in the kidney, including the renin-angiotensin system (RAS), which is integral to the growth, development, and function of the kidney (1, 4) .
The main effector peptide of the RAS, angiotensin II (AngII), acts via two main receptor types: angiotensin type-1 receptors and angiotensin type-2 receptors (AT 1 R and AT 2 R). The AT 1 R and AT 2 R subtypes exert opposing effects on the regulation of arterial pressure and cell growth and survival (6) . The AT 1 R is responsible for mediating vasoconstriction, sodium retention, and cellular growth and proliferation. In contrast, the AT 2 R acts to counterbalance AT 1 R-mediated effects by promoting vasodilatation, sodium excretion, apoptosis, and antigrowth effects (7) . The RAS is highly activated during the perinatal period (immediately prior to and following birth). This is evidenced by increased plasma renin activity and plasma AngII levels prior to birth and further increases after birth (8) (9) (10) . However, as postnatal maturation proceeds and the kidneys of the newborn undergo major structural and functional changes in order to assume responsibility for the regulation of extracellular fluid volume homeostasis and arterial pressure, plasma renin activity and circulating AngII levels progressively decline (8) (9) (10) . Furthermore, AT 1 R and AT 2 R expression within the kidney is developmentally regulated. Both receptors are highly expressed in the fetal and neonatal kidney and their expression progressively decreases after birth (11) (12) (13) (14) (15) . However, AT 2 R levels decrease to a greater extent such that the AT 1 R predominates in the adult kidney (11) .
To date, the functional role of the AT 2 R during postnatal kidney development has not been completely elucidated. Given its documented vasodilatory effects, it is highly plausible that this receptor may play a critical role in the immature kidney, counteracting AT 1 R-mediated vasoconstrictor effects of AngII and subsequently facilitating the postnatal rise in RBF. Insight into the physiological role of the AT 2 R in early life could have important implications for the identification of novel therapies that target the RAS for the improvement of renal function, particularly in preterm infants in whom postnatal kidney maturation is delayed. Therefore, in this study, we aimed to investigate the renal vascular responses to AngII of young (3-wk old) and adult (6-wk old) male rats, and the contributions of the AT 2 R at each of these ages. It was our hypothesis that the relative expression of the AT 1 R vs. AT 2 R influences the sensitivity to AngII in the immature rat kidney, such that 3-wk-old rats are less sensitive to the vasoconstrictor effects of AngII than 6-wkold rats.
RESULTS

Baseline Variables
Body weight (BW) and left kidney wet weight (KW) were significantly less in 3-wk-old rats (BW: 44 ± 1 g; KW: 0.35 ± 0.03 g) than 6-wk-old rats (BW: 129 ± 6 g; KW: 0.69 ± 0.05 g) (P < 0.001). Similarly, basal recordings of mean arterial pressure (MAP) and RBF were significantly less in the 3-wk-old than 6-wk-old rats (P < 0.001). In the 3-wk-old rats, MAP and RBF were 72 ± 4 mmHg and 2.8 ± 0.3 ml/min/g KW at baseline, respectively. In comparison, in the 6-wk-old rats, basal MAP and RBF were 89 ± 4 mmHg and 4.1 ± 0.4 ml/min/g KW, respectively.
Response to AngII
There were significant effects of both dose and age on the responses of MAP and RBF to AngII (results of repeated-measures ANOVA: P Age < 0.01, P Dose = 0.02, and P Interaction = 0.4 for MAP; P Age < 0.001, P Dose < 0.001, and P Interaction = 0.02 for RBF; Figure 1 ). For example, in the 3-wk-old rats, MAP increased by 1.4 ± 0.5% and 6.1 ± 2.4% from baseline in response to 10 and 100 ng/kg/min AngII, respectively. In comparison, in the 6-wk-old rats, MAP increased by 9.5 ± 6.2% and 18.0 ± 5.2% in response to 10 and 100 ng/kg/min AngII, respectively. There was no significant difference in the pressor response to 10 vs. 100 ng/kg/min AngII on MAP in the 3-wk-old rats. Whereas, there was a trend for the increase in MAP to be significantly greater in response to 100 ng/kg/min than 10 ng/kg/min AngII in the 6-wk-old rats (P = 0.065). Moreover, the pressor response to 100 ng/kg/min AngII was significantly greater in the 6-wk-old vs. 3-wk-old rats (P < 0.05).
In terms of RBF, we observed a 2.1 ± 1.0% and 10.0 ± 2.8% reduction in RBF from baseline in response to 10 and 100 ng/ kg/min AngII, respectively, in the 3-wk-old rats. Whereas, in the 6-wk-old rats RBF decreased by 8.3 ± 2.6% and 30.8 ± 6.6%, respectively, in response to 10 and 100 ng/k/min AngII. There was no significant difference in the RBF response to 10 vs. 100 ng/kg/min AngII in the 3-wk-old rats. However, the reduction in RBF was significantly greater in response to 100 ng/kg/ min than 10 ng/kg/min AngII in the 6-wk-old rats (P < 0.001).
Moreover, the decrease in RBF in response to 100 ng/kg/min AngII was significantly greater in the 6-wk-old vs. 3-wk-old rats (P < 0.001).
The influence of AT 2 R inhibition with PD123319 on the MAP and RBF response to AngII is shown in Figure 2 . In the 3-wk-and 6-wk-old rats, there was no significant effect of PD123319 treatment on the MAP response to 100 ng/kg/ min AngII (results of repeated-measures ANOVA: P Age = 0.2, P Treatment = 0.4, and P Interaction = 0.1). However, there were significant effects of PD123319 treatment on the RBF response to 100 ng/kg/min AngII that were dependent on age (results of repeated-measures ANOVA: P Age < 0.01, P Treatment < 0.06, and P Interaction = 0.005). Specifically, AT 2 R blockade potentiated the reduction in RBF in response to 100 ng/kg/min AngII in the 3-wk-old rats, resulting in a 1.3-fold decrease in RBF (P < 0.01 vs. RBF response to 100 ng/kg/min AngII in the absence of PD123319). In comparison, we did not observe any significant effect of AT 2 R blockade with PD123319 on the RBF response to 100 ng/kg/min AngII in the 6-wk-old rats.
AT 1 R and AT 2 R mRNA Expression
Renal AT 1a R, AT 1b R, and AT 2 R mRNA expression decreased significantly with age (Figure 3) . Renal AT 1a R, AT 1b R, and from baseline in response to intravenous infusion of angiotensin II (AngII; 10 and 100 ng/kg/min) in 3-wk-old (white bars) and 6-wk-old (black bars) male Sprague-Dawley rats. Data are presented as mean ± SEM. n = 6 per group. Data were analyzed using repeated-measures ANOVA using the factors age, dose, and the interaction between age and dose, followed by Bonferroni's post hoc tests. *P < 0.05 and **P < 0.001 vs. the response of 3-wk-old rats to 100 ng/kg/min AngII. † † P < 0.001 vs. the response of 6-wkold rats to 10 ng/kg/min AngII. AT 2 R mRNA expression were significantly greater in the 3-wkold than the 6-wk-old rats (P Age < 0.001 each). Furthermore, these data indicate that with age, AT 2 R mRNA expression decreases to a greater extent than AT 1 R expression. Expression of AT 1 R mRNA was approximately fivefold less in the kidneys of 6-wk-old than 3-wk-old rats. In comparison, expression of AT 2 R mRNA was ~28-fold less in in the kidneys of 6-wk-old than 3-wk-old rats. Subsequently, the ratio of mRNA expression for AT 2 R:AT 1a R was significantly lower in the kidneys of 6-wk-old rats (0.24 ± 0.07) compared with 3-wk-old rats (1.1 ± 0.2) (P < 0.01).
DISCUSSION
The major findings in this study were that during postnatal maturation of the kidney in rats, the AT 2 R modulates the response to AngII, blunting renal vasoconstriction. This effect is significantly attenuated with age in association with a developmental reduction in the ratio of AT 2 R to AT 1 R in the kidney. These data suggest that the AT 2 R plays an integral role in the regulation of RBF during the postnatal maturation of the kidney, providing protection against the vasoconstrictor effects of AngII. This knowledge may have important implications for the development of novel therapies that target the RAS for the treatment of hypotension and improvement of kidney perfusion in term and, in particular, preterm infants. In humans, nephrogenesis begins in early gestation and is completed prior to birth. The kidney then continues to mature for approximately the first 6 mo of life, during which time significant changes in renal structure and function take place (6) . In rats, however, nephron formation begins during the second half of gestation and continues for the first week following birth. The postnatal completion of nephrogenesis is then followed by a period of renal growth and maturation, which is completed in approximately the fourth week of postnatal life (16) . In order to shed further light into the functional role of the AT 2 R during postnatal kidney development, we investigated the renal sensitivity of 3-wk-old (immature) vs. 6-wk-old (young adult) rats to AngII, and the contribution of developmental changes in AT 1 R and AT 2 R expression to these responses.
In the current study, AngII induced significant pressor and renal vasoconstrictor effects in the 6-wk-old rats, similar to previous observations in adult male rats (17, 18) . In contrast, the renal vasculature of the 3-wk-old rats was significantly less sensitive to the vasoconstrictor actions of a high-dose infusion of AngII. Furthermore, we went on to demonstrate that pharmacological blockade of the AT 2 R potentiated the pressor and renal vascular responses to the highest dose of AngII administered in 3-wk-old rats. In contrast, AT 2 R blockade had Figure 2 . Pressor and renal vascular responses to angiotensin II in the presence and absence of AT 2 R blockade. Percent change in (a) mean arterial pressure (MAP) and (b) renal blood flow (RBF) from baseline in response to intravenous infusion of 100 ng/kg/min angiotensin II in the presence and absence of PD123319 in 3-wk-old (white bars) and 6-wkold (black bars) male Sprague-Dawley rats. Data are presented as mean ± SEM. n = 6 per group. Data were analyzed using repeated-measures ANOVA using the factors age, treatment, and the interaction between age and treatment, followed by Bonferroni's post hoc tests. **P < 0.001 vs. the response of 3-wk-old rats to 100 ng/kg/min AngII. † † P < 0.01 vs. the response of 3-wk-old rats to 100 ng/kg/min AngII in the absence of PD123319. Articles little effect in 6-wk-old rats. Taken together, these results therefore indicate that the AT 2 R modulates the response to AngII to a much greater extent in the neonatal vs. adult kidney, contributing significantly to the attenuated renal vasoconstrictor response to AngII. Our finding that the AT 2 R modulates the renal vasoconstrictor response to AngII in young rats contrasts with previous observations from two separate studies in lambs by Chappellaz and Smith (10, 19) . They reported that the pressor and renal hemodynamic responses to intravenous infusion of AngII were age and dose-dependent such that they were significantly greater in 6-wk-old vs. 1-wk-old lambs (19) . This is in keeping with our current observations in rats, supporting the notion that the neonatal vasculature is less sensitive to the vasoconstrictor effects of AngII. However, in contrast to the current study findings, they showed that the pressor and renal vasoconstrictor responses to AngII in lambs of both ages examined were sensitive to AT 1 R blockade but not affected by AT 2 R blockade (10, 19) . This led to their conclusion that the AT 2 R does not significantly contribute to the decreased sensitivity of the renal vasculature of newborn sheep to AngII. Of course, this difference in study findings may be attributable to species differences and associated developmental differences in angiotensin receptor expression in the age of animals studied (sheep vs. rats). Further, we cannot rule out the possibility that differences in the dose of the AT 2 R antagonist (PD123319; 50-400 µg/kg infusion over 2 min vs. 1 mg/kg constant infusion) and/ or the time-course of experiments may contribute. In particular, given the short plasma half-life of PD123319 (22 min), it is plausible that any influence of AT 2 R blockade on hemodynamic function in the lambs may not have been detectable by Chappellaz and Smith since MAP and RBF responses to AngII were only recorded 30 min (19) or at discrete time intervals (5, 30, 60, 90 , and 120 min) (10) post-PD1233119 infusion. Finally, the confounding effects of anesthesia on basal RAS activation and hemodynamic function in the current study must also be taken into consideration. Studies examining the contribution of the AT 2 R to the modulation of renal function during postnatal maturation in conscious rats are required to confirm the findings of the current study.
The findings of the present study also support the notion that differences in vascular responsiveness to AngII between the young and adult rats is attributable to developmental differences in renal angiotensin receptor expression. In agreement with previous studies (11) (12) (13) (14) , assessment of renal AT 1 R and AT 2 R mRNA expression in the 3-wk-old-and 6-wk-old rat kidneys confirmed that AT 1 R and AT 2 R expression levels in the kidney decrease significantly with postnatal age. While AT 1 R and AT 2 R mRNA expression were similar in the 3-wk-old rat kidneys, AT 2 R mRNA expression decreased to a much greater extent than AT 1 R mRNA expression with postnatal age, such that the AT 1 R was the dominant angiotensin receptor subtype in the mature rat kidney. This was reflected by a significantly lower ratio of AT 2 R to AT 1a R in the kidneys of 6-wk-old than 3-wk-old rats. Furthermore, this is also consistent with what we have observed previously in other studies in male rats (11) .
These data therefore indicate that the high renal AT 2 R expression during early postnatal life may contribute to the blunted renal vasoconstriction to AngII that is not seen in adult rats. In further support of this conjecture, it is well established that the AT 2 R functions via a nitric oxide (NO)-mediated pathway to produce cyclic GMP and increase vasodilatation (20) . Certainly, there is abundant evidence in the literature that NO plays a significantly greater role in the maintenance of hemodynamic function in the neonatal vs. adult kidney, including providing protection against the vasoconstrictor effects of AngII in the newborn (21) (22) (23) (24) . Furthermore, there are reports that NO production in the renal vasculature is significantly greater in the newborn vs. adult renal vasculature under normal physiological conditions (4). It is therefore plausible that greater AT 2 R activation in the newborn vs. adult kidney may contribute to the enhanced functional role of NO in the newborn kidney as well as age-related differences in vascular responsiveness to AngII.
In future studies, it will also be important to examine the sex-specific contribution of the AT 2 R to the regulation of renal function in the immature kidney. A large body of evidence now exists that the RAS is differentially modulated between the sexes, and elicits sex-specific effects on renal function, including the AT 2 R (18, (25) (26) (27) (28) (29) (30) . Moreover, we have previously identified significant sex differences in the postnatal ontogeny of many RAS components, at least in male and female rats (11) .
In conclusion, our data indicate that the AT 2 R is an important regulator of RBF in the immature kidney, providing protection against the AT 1 R-mediated vasoconstrictor effects of AngII. Although this finding is of primary physiological importance, it also bears potential clinical significance in the treatment of hypotension and renal hypoperfusion in term, and in particular, premature infants in whom postnatal kidney maturation is delayed. Future studies are now required to provide further insight into the potential of the AT 2 R as a therapeutic target in the immature kidney in pathophysiological states.
METHODS
Animals
All experiments were approved by the Monash University, School of Biomedical Sciences Animal Ethics Committee and were performed in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Ten-week-old male and female Sprague-Dawley rats were obtained from Monash Animal Services (Clayton, Victoria, Australia). Following a 1-2 wk acclimatization period, rats were mated. Pups were delivered at term and were weaned at postnatal day 21. Male pups were then randomly allocated to either the 3-wk or 6-wk-old experimental group (n = 6-8 in each group). All rats used in this study were housed under standard laboratory conditions and were fed a sodium-controlled diet (0.25% sodium chloride; Specialty Feeds, Glen Forrest, WA, Australia).
Surgical Preparation
The rats were anesthetized with an intraperitoneal injection of Inactin (150 mg/kg; thiobutabarbital sodium, Sigma Aldrich, St Louis, MO) and placed on a servo-controlled heated table, maintaining rectal temperature at 37.5 °C. A tracheostomy was performed and the left carotid artery and jugular vein were cannulated for the measurement of MAP and infusion of maintenance fluids (isotonic saline with 2% w/v bovine serum albumin; Sigma-Aldrich, 5 ml/kg/h), respectively. Next, the left kidney was exposed through a subcostal flank incision.
